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Although lead tellur 

INTRODUCTION 

I. Motivation 

l e  is  ilow'widely used in thermoelectric 
devices, there exists considerable confusion about the precise mccha- 
nisms responsible for its characterist ic properties. Ln particular, no 

clear mechanisin has been proposed which accounts for the T 
perature dependence of the mobility. 
and electrons over a very wide temperature range. 

tem- 
This law is obeyed for both holes 

- 5 1 2  

The difficulty of devising any thaoretical model for PbTe can be 
appreciated by considering thc numerous effects which must be e x -  
pl ained. 

Nearly all of these effects have been studied previously in con- 
nection with PbTe a$ well a s  with other semiconductors. Until now, 
however, no one has measured all the effects in a single sample and 
attempted to take them al l  into consideration in a single data reduction 
program. Such a procedure would be illuminating at the very least. 

There i s  some evidence that the unusual temperature  dependence 
of the mobility in Pb're can be accounted for by a temperature depend- 
ent effective mass. 
hypothesis at  high temperatures. 
the effects of degenerate electron statist ics have never been considered 
in detail although it is possible to do SO. 

present theoretical concepts and careful  comparison with data obtained 
from samples of PbTe under a wide range of conditions, it  may be pos- 
sible to clarify the mechanisms operative in this material. 
proach is thus not to search  for new properties of PbTe, but rather to 
discover, whether the known properties a r e  consistent with a single 
synthesis of theoretical .mechanisms. 

However there has been no attempt to apply this 
Furthermore at low temperatures 

Thus, by painstaking u s e  of 

The ap- 

11. Procedure 
,+ 

, -. Nearly all the elementary parameters  which appear in the theo- 
retical  expressions for mobility can be determined f r ~ n - i  z ? ; ~ ~ s u r e m e n t s  

1 



of transport  properties. 
ficient give information on the number of charge c a r r i e r s ,  the one 
parameter most likely to change f r o m  sample to sample. Measure- 
ments of the conductivity and thermoelectric power give information 
about the mobility and Fe rmi  level respectively. 
may be supplemented with other data in the l i terature  to provide the 
basis for quantitative theoractical prcdictione. Part I of this papor 
discusses  in detail how these predictions are to be made 

Li par t i cda r  nicasurenients of the Hall coef- 
. 

These tneasureincnts 

’i 
/ 

,/ 
111. present  Stage of Progress 1’ 

A t  this t ime, extensive measurements have been made on a 
sample of I?-type PbTe. 

paper describes some modifications of the instrumentation and Section IV 
the accuracy of results obtained with it. 

The apparatus and measuring techniques em- ’ ’ ~ 

c -. ~ played have been described i n  a previous report ,  Section 11 of this * -  

1 

A11 resul ts  t o  date are in excellent agreement with those of other 
worker si. 

2 



E X  PERIMENTAL 

SECTION I 

DISCUSSION O F  PbTe 

Lead telluride is a LV-VI  compound semiconductor having a crys- 
tal structure of the NaCl type. 
is expected to be strongly ionic, and the dominant scattering mechanism 
to be optical mode lattice scattering. 
does not lead to the observed temperature dependence of the mobility. 

The bonding in a material of this type 

However, this type of scattering 

No explanation has yet been advanced for the failure of optical 
mode scattering to yield correct results for PbTe, but a recent attempt 
to synthesize the observed variation f rom a combination of acoustical 
and optical mode scattering seems promising (Reference i). Never - 
theless, such attempts are serioualy complicated because before any 
information concerning the temperature dependence of the mobilities 
can be inferred from experiment, an evaluation of the temperature de- 
pendence of all quantities in the expressions relating the rnobility to 
the observables must be initiated. Knowledge of the effective masses 
and anisotropies at all  temperatures is essential. The following ac- 
courlt of the structure of PbTe has been pieced together from past and 
present measurements of the transport  cffects including some .wade in 

very strong magnetic fields a t  4.2'K. 

The structure of the conduction band in PbTe is of the "many 
valley" type, i. e., it consists of several  anisotropic minima distrib- 
uted in k-space to sat isfy the synitnetry of the crystal. The constant 
energy surfaces a r e  prolate spheroids whose major axes lie in the 
< 11 1> direction in crystal momentum space. Since the minima occur 
a t  the edge of the Brillouin zone, there a r e  only four el'ripsoids. 
ratio of major to minor axis is on the order of 5, but there i s  evidence 
that it dccreases with temperature. The average effective m a s s  (den- 
sity of states)  varies with temperature f rom about 0. 14 at 77OK to 0. 25  
at 300°K. (Reference 2). 

The 

The valence band has two distinct s e t s  of minima. The f i rs t  set 
dominating the transport  properties at low temperatures is similar in 
structure to the conduci;ion Lalid except for the e f f e c t i ~ e  ~ Z L S S  v ~ ! G ~ s .  
It isdifficult  of measure the anisotropy of the spheroids in the f i rs t  set,  

3 



All  ilia effects mentioned above have been examined closely only 
at temperatures for which the material  is extrineic. Although meas- 
urements have been made in the intrinsic region, no attempt has been 
made to infer fundamental parameters f r o m  the data. 
r ea l  check on the mobility or effective m a s s  temperature dependence 
at high temperatures. By detailed measurement of high field effects, 
these parameters may be inferred. 

this material: a t  high temperatures the material  i 8  unstable and the 
tellurium phase tends to precipitate out, changing the properties, im- 
purity concentration, of the material  considerably. Great  caution 
must be exercised when making high temperature measurements on 
this material ,  otherwise the resul ts  may not be reproducible. 

Thus there  is no 

A further property of PbTe add8 to the difficulty of examining 

I 
$ 

. 

since a second spherical ret  of surfaces located at k =  0 also contains 
holes at low temperatures and contributes to tkc! conduction process. 
An average effective mass  inay be defined by reducing the data as if 
only one band x e r e  present. This effective mass apparently increaees 
with temperature (Reference 1). -4 third s e t  of surfaces, 0. 1 e v  from 
the first principal Get, has been suggsatod (Raicrence 3). Section LII 
gives a strong a r g u m n t  for  the Eon-existence of euch a third s e t  of 
surfaces.  
with temperature at  a ra te  of 4 x ~ O - ~ ~ ~ / O K ,  

The energy gap in PbTc i s  about 0. 3 ev at O'K and incretrsas 
(Rsference 4). 

AMeasureinenta of the Hall mobility in pwtygs PbTs have shown a 
dependence above about 200°K and a (References 1, 3) T - 3 f 2  de- 

pandence below this temperature. Unfortunately in  the latter range the 
hole statist ics are no longer non-degenerate, 
of this to determine the temperature dependance of the actual mobility, 
but the maximum predicted effect  of changing statist ics has already 
been shown to be lass than 157,. Another more serious difficulty of 
acoustical and optical mode lattice scattering mechanisms mentioned 
above indicate6 that the dominant scatter inq mechanism is changing at 
this temperature. Thia compounding of effect6 make8 data reduction 
in this region a very difficult task. 

No account has been takan 

I , '* 

4 
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SECTION 11 

EXPERIMENTAL METHODS 

A. APPARATUS AND METHOD OF DETERMLNING THE HOMOGE- 
NEITY O F  THE SAMPLE. 

Tile existence cf any large impurity gradients, p-n junctions, or 
other imperfections caused by sintering and doping the ingot can greatly 
affect the transport properties of the sample. A8 a result, before any 
measurements a re  to bc made the percent deviation of the composition 
of the sample and the location of any p-n junctions must  be determined. 

A simplified version of the apparatus used by Corvks and 
Dauncey (Referencc 5) for rapid scanning of the Seebeck coefficient of 
semiconductors was used. 

From 

B = -e k ( 2  -&}  

and 
3 - 

ex?- Tp - 2( 2nm4kT) 
n ----- 

h3 

r' 
'b 

wh re e* i th Fe mi energy and 7 = E/kT for a ne band mod 1 with 
It is seen spherical energy surfaces obeying Boltzmann statist ics.  

that the thermoelectric power, 0 ,  i s  a sensitive function of the c a r r i e r  
concentration. 
(thermoelectric power) along the sample a t  a constant temperature  can 
yield the change of c a r r i e r  concentration, including the existence of 
a n y  p-n junctions. 

Thus measuring the change of the Seebeck coefficient 

Figure 2-1 shows the device actually used. With the switch on 
position #1, the direct  temperature difference a c r o s s  the sample was 
recorded, while in position #2, the thermal e lectr ic  voltage with re- 
spect to Chrome1 was recorded (absolute Seebeck voltages are not 
needed). The probe, whose tip was nickel plated to prevent the dif- 
f u s i ~ r ,  of cnpper into the sample, and the heater were  connected to a 
niicrometer slide, arid the thermoelectric voltage versus distance 
along the specimen was noted. The results are given in Section LII. 

5. 
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Figure 2- 1-Schanatic Wiring Diogram and Drawing of Homogeneity Apparatus After Cowles 
and Dauncy, Reference 1. 

B. APPARATUS FOR MEASURING THE HALL COEFFICIENT, 

RESISTIVITY. 
ELECTRICAL CONDUCTIVITY AND TRANSVERSE MAGNETO- 

The apparatus used to investigate the change of the Hall coeffi- 
cient and electr ical  conductivity as a function of temperature ,  and of 
the Hall coefficient and magnetoresistivity a s  a function of magnetic 
field strength a t  various fised temperatures  i s  the same as that de- 
scr ibed i n  Reference 6 ,  except for the following modifications. 
leads coming out of the lid assembly shown in Figure 2 of Reference 6 
were connected to  box mounted receptacles which i n  turn were instal- 
led in a miniature chassis bolted on the top of the lid. To insure good 
electrical  contact the pins and contacts of these receptacles were gold 
plated. 
holder and lid assembly h a d  to be taken out of the Hall cryostat. 

A l l  
' 

This allowed al l  leads to be detached whenever the sample 

The niolybdenium pressure  c\lrrent contact springs shown in 
Figure 3 of Reference 6 were discarded  and  three platinum wires 
(0. 002 inches in diameter) were a;taciiGd d p p r ~ x i m ~ t c l y  eq.;i<Iista11tly 



a 
- 2 .  - -  

apart  to each end cf the sample by the capacitor discharge method. 
The use of three wires led to a more uniform electric field through the 
sample. 
replaced. - 

Any probes which showed any non-ohmic characterist ics were  

The sample was etched with a solution of: 

10 parts of saturated KOH solution 
10 parts ethylene glycol 

1 part of 319 hydrogen peroxide Reference 1, 

Tha modified Wheatstone bridge circuit also described in Refar- 
ence 6 was abandoned in favor of the DC method which proved to be 
more accurate. 
cuit. 
stated in Reference 6 but is the t o t a m a l l  voltage. 
trigger circuit was used to regulate the furnace. 
difference between the output of a potentiometer and the true thermo- 
couple voltage) was amplified and fed into the Schmidt trigger which 
fired the furnace when the error voltage exceeded a certain nominal 
value determined by the values of the components of the trigger. 
automatic recorder was used to check the performance of the upper 
and lower sample titer mocouples. 
the sample to within + 2 degrees of the reading dialed on the potenti- 
orncter. Consequently, i t  was possible to determine Hall coefficient 
and magnetoresistivity values as a function of magnetic field strength 
at vikrious fixed temperatures. 

Figure 2-2  is  a complete wiring diagram of the c i r -  
The Hall voltage recorded is not one half of the Hall voltage as 

A modified Schmidt 
An e r r o r  volts-ge (the 

An 

The furnace regulating circuit kept 

C. APPARATUS FOR MEASURING THE THERMOELECTRIC POWER 
ANI) NERNST COEFFICIENT. 

The thermoelectric power in conjunction with the Hall coefficient 
can be used to determine the density of states effective mass, and with 
the thermal and electrical conductivities to determine the figure of 
merit ,  and finally to determine the position of the Fermi  level. 

Figure 2-3 shows various methods of measuring the thermo- 
electr ic  power of semiconductors. 
in each of these configurations. For example: Method A provides 
poor thermal contact betwean the copper heater blocks and the sample, 
at the expense of recording the correct temperature gradient; while 
Method B gives inexact readings of the temperature gradient a t  the ex- 
pense of good thermal contact. Since the thermoelectric power is  a 
function of the tcm;jerature difference of the sample, any e r r o r  in this 
measurement shows up in the thermoelectric power. 

There exist inherent difficulties 

7 
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tlEATEH W hEAiER #2 

HEATER # I  ' THERMOCOUPLE 

METHOO B 

Figure 2+LSchemotic  Arrangement for Various Methods of Measuring the 
Seebeck Voltage. 

Figure 2-4  shows a design af ter  Ioffe which minimizes the e r r o r s  
in configurations A and B (Reference 7). Since the ends of the sample 
are enclosed essentially in black body cavities, the thermocouples, if 
placed in the cavities, will record  the cor rec t  temperatures  while not 
affecting the thermal  contact between the sample and the heater. 
this arrangement ,  the thermocouples were attached to the ends of the 
sample and one leg of the thermocouples w a s  used to measure the volt- 
age difference. 
e lectr ic  power of the material  was not measured. 
urements using this apparatus were made on Bismuth Telluride and 
a r e  mentioned in Section 111. 

In 

Because of this arrangement the absolute thermo- 
Prel iminary meas-  

A second thermoelectric power device shown in Figure 2 - 5  was 
designed to cover the range from liquid nitrogen temperatures  to room 
temperatures  and above. Some of the advantages of the fo rmer  design 
have been retained. 

Both designs can  be used to measure the Nernst  coefficient. All  
that needs to be added to the sample is  a Hall probe type configuration 
a n d  a magfietic field m u s t  be introduced pcrpendiculnr  to  the length of 
the sample.  

. 
9 
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smx ION III 

RESULTS 

A. HOMOGENEITY EXPERIMENT 

The homogeneity experiment was made on a p-type lead telluride 

polycrystalline ingot, doped with lo1 Cu atorns/crn3. Reference 8 
justifies extending most of the single crystal  transport  parameters  
(i.  e .  , Hall coefficient, mobility, scattering, ctc. ) to polycrystalline 
samples in the temperature range f r o m  79O to 594OK. 
tion would be the scattering of charge c a r r i e r s  by dislocations and 
grain boundaries, but this phenotnena i s  prevalent only at extremely 
low temperatures (Reference 9). F i r s t ,  two flat  faces were ground 
parallel on the cylindrical ingot, and a homogeneity tes t  revealed a 
4. 1% ca r r i e r  concentration deviation and no p-n junctions. 
that any smaller  section of the ingot should not have a c a r r i e r  con- 
centration deviation greater than 4. 1%. 
sample was cut from the ingot, and a homogeneity t e s t  revealed a 2 . 7 %  
deviation'and again no p-n junctions. This sample was used in the sub- 
sequent experiments. 

The only objec- 

It follows 

Next, a rectangular Hall 

B. 'I"E HALL AND ELECTRICAL CONX3UCTIViTY EXPEIXIbCENT 

Hall coefficients versus  magnetic field strength curves a r e  shown 
in Figures 2-6 and 2-7 for  temperatures of 79% and 293OK respectively. 
These figures demonstrate that the Hall coefficient is magnetic field 

18 independent for I-tHH/c < 1.26 for the c a r r i e r  concentration of 10 . 
The Hall coefficient versus temperature runs were a l l  tnade with a 
field strength of 3 kilogauss; therefore,  the weak field approximation 
to the Hall coefficient can be used. 

Here no is the total car r ie r  concentration, e i s  the electronic charge,  
b is statistically dependent, and K is  the ratio of the longitudinal to the 
t ransverse effective mass. From 79°K to 293°K a double run {twice up 
and twice down) was  made, and these resul ts  arc quite consistent and 

11 
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c 

2 
reproducible. 
i s  plotted a s  a function of K to show the total variation of f (K) over the 
entire range of K. Lhlathetnatically, the most f(K) can change is by a 
factor of 2570, while for 3 < K < 5 ,  which is observed €or p-type PbTc, 
the change in f(K) is at  most 679. At  the same time the variation in b 
due to changing statist ics is at most 15%. Therefore ,  the total theo- 
retically observab1.e change in the Hall  coefficient in the extrinsic range 
should be no more than 20%. 
is observed as can be seen in Figure 2-9. Figure 2-10  is a plot of Lnp 
versu6 Ln T to show that at approximately T = 150OK the mobility is 
proportional to T * 'lZ. The Hal l  coefficient is given by equation ( 2 - 1 ) *  

In Figure 2 -8 ,  the quantity f(K) = 3 K ( K S 2 ) / ( 2 K +  1) 

Ncver:heless, a change greater  than 

The conductivity for a two band c a r r i e r  model is also given by, 

where nl, pl(T) and n2' p Z ( T )  a r e  the number of carriers and the mobil- 
ities in bands one and two respectively. 
(2-2), results in, 

Combining equations (2-1) and 

R V g o K  a ( T )  = bf(K) [ANl + BNZ] T-"' (Reference 3) (2-3) 

where N 1  and N2 a r e  the fractional amount of carriers in bands one and 
two respectively, (A  and B are quantities which depend on the conduc- e 

tivity effective masses). Therefore, (Reference 10) a plot of R T 9 0 K  a ( T )  

x ( T / 2 8 6 " ~ ) ~ / ~  versus 1/T should yield a straight line above 150°K, if 
conduction is due to only one band. This is indeed the case for n-type 
PbTe; however, f rom Figure 2-  11, a "droop" similar to Allgaier's oc- 
curs  above 150'K. Thie would support the argument for a second va- 
lence band assuming there i s  a transfer of carriers from nl to n A 
plot of Ln(R - R)/Ro  versns 1/T as shown in Figure 2 - 1 2  should reveal 
an energy gap between these two valence bands (Reference 3). A s  can be seen the 

2' 
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slope is  consistent with that of Allgaier's arid supports the collclusion 
that the difference between these bands is  approximately 0. 1 ev. 
ever ,  the following two assumptions rmade in this calculation are very 
stringent. The factor, r ,  which depends on the type of sq'attering and 
statist ics,  changes quite a bit f rom 1. 6 to 2 ,  56,  ziid the Ha11 coefficient 
a l so  assumed nearly constant changes by a factor  of more than ~10%. 
Therefore,  any values obtained f rom these calculations and assump- 
tions should be looked upon as being a very rough approximation. 
Lydzn (Reference 1) afid hfiller, et - -  al. (Rafcreiice 1 2 )  report i'ro s ig -  
nificant change in  the Hal l  coefficient in the extritieic range. Of 
course conclusions derived f rom equation ( 2 - 3 )  ignore any temperature 
dependence of the parameters A and €3. However , additional research 
on p-type FoTe (Reference 12) irdicatcs that the persistence of the 
temperature dependence of the Mall coefficient in the extrinsic region 
to such a high carrier concentration makes the explanation of two va- 
lence bands less likely. Possible explanation can be attributed to non- 
parabolic valence bands (Reference 12) and/or to the temperature de- 
pendence of the effective masses .  Appendix A shows that the two va- 
lence band model m a y  be verified by measuring the dependence of the 
Hall coefficient on the magnetic field strength, This is only t rue,  as 
pointed out in the appendix, if the single band model Hall coefficient 
does not depend on the magnetic field strength. Since the Hall  coef- 
ficient for one car r ie r  does depend on (wr where, 

How- 

*r = relaxation tine of t h e  carriers 
(constant for very degenerate temperaturea) 

a ''cut-off" resonance wo m a y  be feasible where below this point the as- 
sumptionfm<<f is valid. Then the conditions reached in Ap-pndix A 
would be applicable for WQo, i f  7 is constant, 
of this present report, and will be investigated in a future report. 

This i s  beyond the scope 

Since only one run was made in the intrinsic range, any conclu- 
Nevertheless, a glance at the conduc- sions will be pure speculation. 

tivity curve in Figure 2- 1 3  shows some consistency with that of Shogenji 
and Uchiyama in the intrinsic region (Reference 13). 
ficient versus the reciprocal of the temperature curve shows a reversal 

near 448 1°K which is consistent with past results of other investigators 
(References i 3  and 14). But the negative branch overshoot has not been 
reported hy anyone. 
mately at  542 K. Since some investigators repor t  no i r revers ib le  e f -  

fects u n t i l  800 K, the negative branch o~iz~61ioot phcnoixena could not 

The Hall coef- 

This negative branch overshcot occurs  approxi- 
0 

0 
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AP log - P 

Figure 2-14-Log ( A  p / p )  Versus Log H Y (Room Temp.) 

be attributed to this (References 14, 15). Also the sample was encap- 
sulated with Saureisen cement and heated in one atmosphere of argon 
at  all times. Miller -c e t  al. state that any reaction that may have oc-  
cur red  between the cement and the specimen did not affect their  re-  
sults significantly. Also a very small percentage change (no value w a s  
given) was observed in the room tetnperature res is tance after repeated 
thermal cycling on a n  encapsulated sample (Reference 11). 
(Reference 14) and more recently Uchiyama and Shogenji (Reference 13) 
report  anomolies in p-type PbTe doped with copper, but these resu l t s  
were observed on the Hall coefficient in the extr insic  region. Never- 
theless, a negative branch overshoot implies a mobility ratio of grea te r  
than 3. 7 ,  while those mentioned in the l i terature  range f rom 1. 5 to 2. 5 
(References 13 and 14). 
t ransverse magnetoresistance effect  for magnetic field strengths up to 

17 kilogauss. 

Putlcy 

Figure 2 -14  i l lustrates the behavior of the 

2 
Y *  The change in resistance is proportional to H 

Figure 2 - 1 5  shows the results of a t r ia l  run of the thermoelectric 
power rrieasurernerii 0x1 Bi2Te3 Using the Ioffc type appzirztus dc--r;k-d G L  A U L  

in the las t  section. The dashed curve shows the effect of i r revers ible  
phenotiiena similar to th<it of PbTe above SOOOK. 
r c v e I s i b 1 e e f f e c t s , the me a s ii r e m t: n t s I r i a  d e be 1 ow th e i r r c v e r s i b 1 e 
t e 11-1 13 e r a I u r e a r e c on s i s tent a nd r c p r odii c ibl e. 

Aside f r o m  the i r -  

2 1  
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SECTION IV 

ANALYSIS OF ERROR 

The geometry of the sample is shown in Figure 2-16. 

Figure 2-16 , 

A. ELECTRICAL CONDUCTIVITY ’ 

The formula for the electr ical  conductivity is 

12 e 
c V, wd 

o n -  - 
I -  * 

where: 

I, = sample current 

V, = sample voltage 
e = distance between resist ivity probes 

2 3  
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w = width of the sample 
d = depth of the sample 

From statistical e r r o r  theory, the total standard deviation in the cal-  
culated quantity is given by: 

6 
..- %-. 

where, +- x,)2 - 
x = mean of populat ion 

sx = [ i n J 2  ' * n = number o f  occurrences 

Since the calculation of S, for  each measurement is mare  exact but, 
alas,  time consutning, only the value of S, for a typical tneasurement 
of CY shown in Table 2- 1 was calculated. From Table 2-2  the value of 

S, and the percentage standard deviation f rom the mean, F were 18. 48 

and .  72570 respectively. 

explanation. 
Peltier voltages, the average of two means (the mean of the voltage 
with I, in one direction and the mean with Iz in the other) is  used. 
Mathematically a weighting factor should be used in computing the final 
mean and standard deviation, but this was ignored. Although the var i -  
ables associated with the sample dimensions ( d &  w) account for a large 
percentage of the total e r ro r ,  these can be labeled pseudo-systematic 
e r r o r s  for this particular sample. The justification for  ignoring these 
e r r o r s  i s  that they a re  redundant and constant for  all experiments a s -  
sociated with this sample. Nevertheless, these e r r o r s ,  due to d and w, 
must be accounted for when more than one sample with different geom- 
e t r ies  a r e  being calculated and compared. 
= O  

SU 
0 

The method for averaging V, requires Some 

Since the value of Vz may be complicated by Seebeck and 

' 

Therefore,  setting s d =  S, -- 
1/2 

a c  \ 2  &A2 + (. 1.y] = 2 . 2 7 4  
s, (Sample = [ (~r,Sil) + (st=) "z a v, 

::<Throughout these calculations, no correlation of e r r o r s  was assumed. 

2 ,I 



and: 

As a result the total e r r o r  for the electrical  conductivity should not 
vary more than 0. 08% €or one sample; i. e. , sample #1. 

B. HALL COEFFICIENT 

Since SH was not exactly known, the procedure here will be to 

find a n  upper bound for the e r r o r  in the Hall coefficient. 
‘R.. 

Y 
Table 2-3 

shows values for S a n d T H  for SH = 0. Next a calculation is made 
RH RH Y 

to find the e r r o r  in  H (given values from Table 2-3 for Sd, SI,# and Y 

Sv ) for S = 0.05 o r  a percentage standard deviation from the mean 
x RH 

of 5%. 

while: 

Since readings of better than + 25 G a u s s  were made, the experimental 
e r ro r  of RH should be l ess  thzn 5%. 

E 5  
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C. HALL AND CONDUCTIVITY MOBILITIES 

The formula for  the Hal l  mobility is: 

P H  E a %  

Since the conductivity mobility differs only by a constant factor f rom 
the Hall  mobility, the errors for both will be the same. 

6 P C  * S  1% = [ ( ~ ~ ~  + ( "%$ 3 9 ] 1 ' 2  

---- 
m &-*-<)y% a)2 

El 0 , 0 1 1 9 0 ~  lo3  

while: 

D. CARRlER CONCENTRATION 

The formula for the ca r r i e r  concentration is 

1 

26 

'J 



9 3 .  

€or degenerate statistics o r  high magnetic field strengths. 

1 .'. s, 0 s *- 

RH Raa  

RH 
" R H  

S s, -=- = - 0  2% 

E. MAGNE TORESIST IVITY 

The formula for the magnetoresistivity is  

where: 

or 

'T "z - = - = 1.2% 
MT "z 

Tabie 4 suIilimai.ii;e3 a!! t he  e r r ~ r s ,  both estimated and calculated 
encountered i n  this report. 
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1, - ( amp 9) 
I_____--- 

0.090258 
0.000250 
0.090262 
0.390236 

-_. 

vi3 

(vo l t s )  

TABLE 3 - 1  

- 
1, . . .  . 

0.0903465 

- 
v x  

20. 47~10'~. 

-- 0.31701 cm 

d 
0.30892 cm 

- -- 

- 
1 

0.47965 cm 

* SI, . 

9 . 5 5 ~ 1 0 "  

0.40 lrrlO'* 

2.9x10-' 

'd 
1 . 1 5 2 ~ 1 0 - ~  

0.01% 

1.95% 

0.08% 

1. 6% 

1.2% 



& a 

I d CB I 1 . 1 5 2 ~ 1 0 - ~  g.-= -8 .  2 4 5 9 8 ~ 1 0 ~  I 9.4994 1 00.2388 
d 

0. 12174 

---- _-.- Iy_c 

0 . - =  5 . 3 1 0 8 ~ 1 0 ~  t 0.3489 1 
1 
7 

The error o f  (T expressed as  the standard deviation, i s  then 

Sc J 3 5 5 .  244' a 18.48 

and the f rac t iona l  error (percent standard deviation from the me'&). 

where 
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TABLE 2-3 
-- ._-_ _1-_ 

.Source o f  
Error 

Hy Gauss 

v, 701tS 

I ,  mPS 

d em 

I --____- - ___- ___ ._ . 

Contribution 
t o  Tota l  Error Part i a1 Derivative 

-----IC-- - ~ _ _ _  -I 

l o  *----- --- 0 .00  RH ’ H3;r 
--------- . 111 

1 
o.401x10-8 RH v,= 1 . 1 ~ ~ 1 0 ~  4. 5 7 5 ~ 1 0 - ~  

9. 55x10-’ 

-------I-- 
--- - 

1 2.4~2~10- 

i.152~10-~ I#, T =  1 7. 56053 a. D i ~ i o - ~  

% - =  25.880 

----- I ,  

--__ -I__--- 

TOTAL = 
.-- 

The error o f  % expressed as t h e  standard deviat ion,  i s  then 

--- 
Swsre  o f  
Con t r i bu - 

t ion  
--_I 

-- 
- 
2.093~10‘~ 

and the fractional error (per cent  standard deviation from the mean). 

’% 0.0475 
f$ 2.3356 

- =  

J . 

6. 1 0 8 ~ 1 0 ’~ 

2.093~10’~ 
___I__) 

1 = 2% 

Hy = Magnetic F i e l d  
v, = Hall  Vnl tage. For other s y m b o l s  see pages 23 and 24. 



t .,..'sa- 3 

8 

TABLE 2 - 4  

SUMMARY OF ERRORS 

I---- 
_. 

Quantity Calculated I Estlalrted 1 

1 2.31 I 0.2% 

I I 1 I 3% 

3 1  
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SECTION V 

CONCLUSION 

Undoubtedly more work i s  needed to d termine the mechanism 
involved i n  the dependence of the Wall coefficient on temperature i n  the 
extrinsic region. Kanai & have done sai~lis- high field n2easurei~1ent~ 
on n-type PbTe zit various temperatures, using p l s e d  magnetic fields 
(Reference 16). 
strengths should be very interesting just  to see i f  the high field ap- 
proximations would be approached (see  Appendix A). 
some optical absorption measu remen t s  on p-type PbTe at  various 
temperatures. The curve giving the absorption coefficient v e r s u s  

The dependence of the Hall coefficient at high field 

Riedl has done 

wavelength at  195OX shows three absorption peaks - one is  associated 
with transitions across the gap, the second with intra-band free car- 
rier absorption centers (Reference 17) and the third i s  unexplained. 
There is strong correlation between this and the behavior cf the Hall 
coefficient as a function of temperature in  the extrinsic range. 
calculations arid investigations should be made in this area.  

More 
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SECTION VI 

APPENDIX A 

THE DEPENDENCE OF THE HALL CO.EFFICIENT AT DEGENERATE 
TEMPERATURES ON 1Nf)UCTION FOR CONDUCTION IN TWO 

VALENCE BANDS 

The relationship between the Fermi energy, EF; density of states 

effective mass for holes, mH; * hole concentration pi; and temperature 

is given by, 

pi = 477 tf:? -- % ( kT "F) (Reference 18) ( A -  1) 

where  k and h are Boltzmans and Planks constants respectively. 
CUI be rearranged to yield, 

This 

EF 
where T, =-is  the reduced Fermi energy. 

0. 14 me at 77OK (Reference 1)  and pi = 2 . 6  x 10 

the Hall  coefficient measured in this experiment. 

tive values (A-2) becomes 

The latest value of rn* i s  

/ cm at 77'K from 

With these respec- 

kT H 
18 3 

(A-3)  

3 3  
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and 

77 = 3 . 2  (Reference 19) 

This value signifies that p-type PbTe with a carrier coilcentra- 

tion of-2. 6 x 1018/cm3 holes i s  very degenerate at 77'K. 
of fact 

A s  a matter 

where 7 i s  the relaxation time, 
a great majority of the carriers have energies near or equal to the 
F e r m i  energy, E=, which is a fairly valid assumption for a scmicon- 
conductor of this degeneracy, then (A-4) becomes 

mean free path and E energy and if 

7 eE, !4 
(Reference 3) 

const. 
(A- 5)  

. I  

Also 

r =  e a  1 +-- 
so that the Hall coefficient for a degenerate semiconductor, with 
spherical bands and one carrier,  holes,  becomes 

r RH=c 

34 
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n i e  where ni i s  the number o f  

e x t r i n s i c  c a r r i e r s  

(A-6) 

( A - 7 )  



It is well knowil that :he Hall coefficient for infinite imhctions is 

The Hall coefficient for  a s imple one c a r r i e r ,  very  degenerate 
seiniconductor is independent 01 i;eld strength,  B. (This can be seen 
to be a limiting caee for p = 0 ,  aud degenerate  statistics, 5 >3, i n  
f igures  VI11 7 and VIlI 8 in Raierence 20. ) 

The weak field Hall coefiicient for  hole-hole conduction in  the 
valence band a t  degenerate t empera tu res  is 

where n1 and n2 a r e  the number of holes in bands one and two respec-  

tively, and c = -  is the ratio of mobility i n  bands one and two. The 
ra t io  of the weak field approximation of the Hall coefficient to the 
s t rong field Hall coefficient a t  degenerate t empera tu res  is given by 

p2 

( A - 9 )  

1 where  b=--, and f l  and f2 a r e  the f ract ional  number of c a r r i e r s  in 

bands one and two respectively, f l  t f2  = 1. 
" 1 + " 2  

The ineqtal i ty  

f 1 ( c - 1 ) 2  - f ? ( c - 1 ) 2 ' 0  ( A -  10) 

is valid f o r  fi '  1 znd c Z 1 

For  p-type PbTe, the Hall coefficient increases f r o m  79OK to  the end 
of the extr insic  range (Reference 7), therefore ,  the conclusion that 

which a r e  extremely l ibera l  conditions. 



f l < l  is well warranted. F o r  the c a s e  c # 1, the conclusion 

( A -  11) 

is  correct. 
the weak field Hall coefficient is seen to be grea te r  than the strong 
field Hall coefficient. 

For  a two band v&.ence model obeying degenerate statist ics 

Is there a region where this is not t rue? 

The Hall coefficient for a degenerate semiconductor is given by 

whereoi andLra are the conductivities in Sands one and two, respec- 

tively. 
stant T, there will be no change incry or ca due to a t ransverse m-ag- 

. netic field (Reference 22). al and z2 satisfies the following formula 

F o r  the assumptions here, spherical energy surfaces and con- 

i = l o r 2  ( A -  13) ui = "i e *  

Substituting (A- 13) into (A- 12) and simplifying the expression for 

R( H ) be co nie s : 2 
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where N i s  the total number of iinpurities and is constant. 
following t erms  are defined 

After the 

and 

equation (A-14) reduces to 

( A -  15) 

(A- 16) 

where R, is defined in (A-8). Differentiating (A-16) with respect to 

H (a depends on H ) will yield the dependence of R 02 H between Ro 2 2 

Ral 

( A -  17) 

2 
It is clearly seen, with the help of (A- 1 l),  that R(H ) is a monotonically 

decreasing function of H , since (A-17) is always negative. 2 
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